Thermococcus litoralis is a strictly anaerobic archaeon that grows at temperatures up to 98°C by fermenting peptides. Little is known about the primary metabolic pathways of this organism and, in particular, the role of enzymes that are dependent on thermolabile nicotinamide nucleotides. In this paper we show that the cytoplasmic fraction of cell extracts contained NADP-specific glutamate dehydrogenase (GDH) and NADPspecific alcohol dehydrogenase (ADH) activities, neither of which utilized NAD as a cofactor. The GDH is composed of identical subunits having an Mr of 45,000 and had an optimal pH and optimal temperature for glutamate oxidation of 8.0 and >950C, respectively. Potassium phosphate (60 mM), KCI (300 mM), and NaCl (300 mM) each stimulated the rate of glutamate oxidation activity between two-and threefold. For glutamate oxidation the apparent Km values at 80°C for glutamate and NADP were 0.22 and 0.029 mM, respectively, and for 2-ketoglutarate reduction the apparent Km values for 2-ketoglutarate, NADPH, and NH4' were 0.16, 0.14, and 0.63 mM, respectively. This enzyme is the first NADP-specific GDH purified from a hyperthermophilic organism. T. litoralis ADH is a tetrameric protein composed of identical subunits having an Mr of 48,000; the optimal pH and optimal temperature for ethanol oxidation were 8.8 and 80°C, respectively. In contrast to GDH activity, potassium phosphate (60 mM), KCI (0.1 M), and NaCl (0.3 M) inhibited ADH activity, whereas (NH4)2SO4 (0.1 M) had a slight stimulating effect. This enzyme exhibited broad substrate specificity for primary alcohols, but secondary alcohols were not oxidized. The apparent Km value at 80°C for NADP was 0.033 mM, but the apparent Km value for ethanol was 11 mM, suggesting that ethanol is not the physiological substrate. This enzyme also reduced acetaldehyde by using NADPH as the reductant, with Km values of 0.40 and 0.10 mM, respectively. Thus, the physiological reaction catalyzed by this enzyme, which has not been purified previously from a hyperthermophilic organism, might be aldehyde reduction. The results of a comparison of the properties of this ADH with those of mesophilic ADHs suggest that the T. litoralis ADH represents a new type of alcohol-oxidizing enzyme.
Hyperthermophilic microorganisms are defined as microorganisms that are able to grow at temperatures above 90°C (1, 40) , and the majority of these organisms are classified as Archaea (formerly archaebacteria). Many of these organisms are strictly anaerobic heterotrophs that utilize either carbohydrates or complex peptide mixtures as carbon and energy sources. The most well-studied hyperthermophilic microorganism is Pyrococcus furiosus, which grows optimally at temperatures near 100°C by fermenting sugar (1, 8, 13, 37) . A novel NAD(P)-free "pyroglycolytic pathway" has been proposed for glucose oxidation in this organism (26, 36) ; in this pathway nicotinamide nucleotides are replaced by the extremely thermostable redox protein ferredoxin (4) . However, nicotinamide cofactors apparently are utilized by P. furiosus as this organism contains high concentrations of glutamate dehydrogenase (GDH). This enzyme is a hexameric protein that uses both NAD and NADP as cofactors and is the most thermostable dehydrogenase known (9, 35) .
The extreme instability of the nicotinamide cofactors at temperatures near and above 100°C (35) raises a question concerning the extent of the utilization of these cofactors in the metabolism of hyperthermophiles. To address this question, we have focused on the anaerobic archaeon Thermococcus litoralis, which grows at temperatures up to 98°C by fermenting peptides rather than carbohydrates (30) . Specifically, we have studied the NAD(P)-dependent enzymes involved in the primary pathways of this organism for comparison with the enzymes of the saccharolytic hyperthermophile P. furiosus. We found that T. litoralis also contains high concentrations of GDH, which potentially is the key enzyme that links carbon and nitrogen metabolism (1, 35) . However, cell extracts of this organism also contained significant amounts of alcohol dehydrogenase (ADH) activity; ADH is an enzyme that has not been detected previously in hyperthermophiles. Moreover, both of the T. litoralis dehydrogenases utilized only NADP as a cofactor. Below we describe the purification and properties of T. litoralis GDH and ADH.
MATERIALS AND METHODS
Organism. T. litoralis DSM 5473 was grown in a 400-liter fermentor under the conditions described previously (27) .
Enzyme purification. GDH and ADH were routinely purified from 400 g (wet weight) of cells under anaerobic conditions at 23°C. Frozen cells were thawed in 1.5 liters of 50 mM Tris-HCl buffer (pH 8.0) containing lysozyme (1 mg/ml) and DNase I (10 pg/ml) and were lysed by incubation at 35°C for 2 h (27) . A cell extract was obtained by centrifugation at 50,000T LITORALIS GDH AND ADH 563 Tris-HCl [pH 8 .0] containing 10% [vol/vol] glycerol, 2 mM dithiothreitol, and 2 mM sodium dithionite). The column was eluted with a 9.0-liter linear 0 to 0.5 M NaCl gradient in buffer A. Both GDH and ADH activities started to elute as 0.22 M NaCl was applied to the column. The fractions containing both GDH and ADH were combined, concentrated to a volume of 50 ml by ultrafiltration (type PM-30 membrane filter; Amicon, Beverly, Mass.), and applied to a column of Superdex 200 (6.0 by 60 cm; Pharmacia LKB) equilibrated with buffer A containing 0.2 M NaCl. This step separated the GDH and ADH activities, which were then purified separately.
The fractions from the Superdex S-200 column containing GDH activity were combined and loaded on a column (2.6 by 23 cm) of Q-Sepharose (high performance; Pharmacia LKB) equilibrated with 50 mM Tris-HCl (pH 7.8) containing 2 mM dithiothreitol. The column was eluted with a 0.5-liter 0 to 1.0 M NaCl gradient, and GDH activity started to elute as 0.44 NaCl was applied. The GDH-containing fractions were loaded onto a column (1.6 by 11 cm) of hydroxyapatite (Bio-Rad) equilibrated with buffer A and were eluted by using a 1.0-liter 0 to 0. (12) .
RESULTS
Purification of GDH and ADH. More than 95% of both ADH and GDH activities were detected in the supernatant after centrifugation of a T litoralis cell extract, indicating that both enzymes were cytoplasmic proteins. The results of a typical purification of GDH are summarized in Table 1 . The enzyme was purified 31-fold compared with the cell extract, and more than 50% of the activity was recovered. The specific activities of the T. litoralis enzyme both in the purified state and in the cell extract were comparable to those reported previously for P. fliriosus GDH (35) . GDH constitutes a significant fraction of the total cytoplasmic protein in P. furiosus (8, 35) , and the same appears to be true for T. itoralis. Purified T litoralis GDH gave rise to a single protein band after SDS gel electrophoresis (Fig. 1 (35) . Since electron micrographs of P. furiosus GDH (20) have indicated that it has a hexameric structure, this is also assumed to be the case for T.
litoralis GDH.
The results of a typical purification of ADH are shown in Table 2 . The purified enzyme also gave rise to a single protein band after SDS gel electrophoresis (Fig. 1 Optimal activity occurred at pH 8 .0 (at 80°C) ( Fig. 2A) of the instability of NADPH (35) . No activity was lost when the pure enzyme was incubated at 85°C for 5 h and protein concentrations of 1.0 and 0.06 mg/ml were used. At 98°C the time required for a 50% loss of activity was approximately 2 h (Fig. 4A) . The presence of 60 mM potassium phosphate, 0.3 M KCl, or 0.3 M NaCl in the assay mixture resulted in a two-to threefold stimulation of activity (Fig. 5) . However, the addition of 0.1 M (NH4)2S04 resulted in a 70% loss of activity, possibly because of product inhibition by ammonium ions.
For glutamate oxidation the Km values estimated from Lineweaver-Burk plots for glutamate (in the presence of 0.3 mM NADP) and for NADP (in the presence of 2.0 mM glutamate) were 0.22 and 0.029 mM, respectively, and for 2-ketoglutarate reduction the Km values for 2-ketoglutarate, NH4', and NADPH were 0.16, 0.63, and 0.14 mM, respectively (the concentrations of 2-ketoglutarate, NH4', and NADPH were 2.0, 8.0, and 0.15 mM, respectively, when each compound was used as the nonlimiting substrate). Therefore, GDH has a higher affinity for NADP than for NADPH, which is consistent with its proposed physiological role in glutamate oxidation in this proteolytic organism. No GDH activity was detected when NAD was used as the cofactor. The amino acid composition and N-terminal amino acid sequence of T litoralis GDH are shown in Table 3 and Fig. 6 ; both of these parameters are comparable to the analogous parameters for the enzymes from P. furiosus (9) and yeasts (24, 25, 28) , suggesting that GDH is probably a highly conserved enzyme, particularly in the hyperthermophiles.
Properties of ADH. ADH exhibited an optimal pH for ethanol oxidation of approximately 8.8 (Fig. 2B) and an optimal temperature of 80°C (Fig. 3B ). This enzyme was less thermostable than GDH; in fact, it lost all of its activity within 1 week when it was stored anaerobically at 23°C. The time required for a 50% loss of activity at 4°C was about 1 week, and at 85 and 96°C the times were about 2 h and 15 min, respectively (Fig. 4B) . Although many mesophilic ADHs are zinc-containing enzymes, T. litoralis ADH did not contain this metal or any other metal, as determined by plasma emission spectroscopy (<0.1 g-atom/200,000 g of protein). In addition, there was no significant effect on the activity of the enzyme when it was incubated with 0.5 mM ZnSO4 at 23°C for 15 min or when 0.5 mM ZnSO4 was included in the assay mixture. In fact, when the concentrations of ZnSO4 were greater than 1 mM either during incubation or in the assay mixture, the ADH activity was inhibited 20 to 50%. In complete contrast to the effect of various salts on T. litoralis GDH, the presence of 0.1 M (NH4)2SO4 in the ADH assay mixture resulted in a 40% stimulation of activity, whereas 60 mM potassium phosphate, 0.3 M KCl, and 0.3 M NaCl each inhibited the enzyme about 40%.
The amino acid composition of ADH is shown in Table 3 . This enzyme contains a single histidine residue, and this histidine residue is conserved in the ADHs from a variety of different sources (41) Temperature (°C)
FIG. 3. Temperature dependence of T. litoralis GDH (A) and ADH (B)
. The assay conditions were the same as those described in the legend to Fig. 2 , except that the temperature was varied and the pH of the assay mixture was 8.0 for GDH and 8.8 for ADH.
gaster (42) , and Methanogenium liminatans (6) revealed no significant sequence homology (Fig. 6) .
For T. litoralis ADH, the Km values for ethanol (in the presence of 0.4 mM NADP) and for NADP (in the presence of 60 mM ethanol) were 11.1 mM and 33 ,uM, respectively. Like T. litoralis GDH, no ethanol oxidation activity was detected if NAD replaced NADP. T. litoralis ADH exhibited a very broad substrate specificity for primary alcohols, but secondary alcohols were not oxidized (Table 4) . Therefore, this enzyme can be classified as a primary ADH. However, T. litoralis is not known to metabolize alcohols (30) , and the low affinity of the enzyme for ethanol suggests that this is not the physiological substrate. Accordingly, the enzyme was found to readily reduce acetaldehyde by using NADPH as the reductant; the Km values were 0.40 mM when 0.3 mM NADPH was used and 0.10 mM when 4 mM acetaldehyde was used. The much higher affinity of the enzyme for acetaldehyde than for ethanol suggests that the T. litoralis ADH might play a role in aldehyde reduction rather than alcohol oxidation.
DISCUSSION
GDH is a major protein in the peptide-utilizing archaeon T. litoralis and constitutes about 5% of the cytoplasmic protein.
Its fivefold-higher affinity for NADP than for NADPH is consistent with the hypothesis that glutamate oxidation is its physiological role. Like P. furiosus GDH (9, 35, 38) , the T. litoralis enzyme appears to be a hexameric protein composed of identical subunits, although it is not quite as thermostable as the P. furiosus enzyme. The P. furiosus GDH has a half-life at 30 Time (min)
FIG. 4. Thermostability of T. litoralis GDH (A) and ADH (B). (A)
The protein concentration of GDH was 1.0 mg/ml in 100 mM EPPS (pH 8.0) (U and A) or 0.06 mg/ml (0). (B) The protein concentration of ADH was 1.5 mg/ml in 50 mM Tris-HCl (pH 7.8).
100°C of 12 h (9, 35), compared with a half-life of about 2 h for the T. litoralis enzyme. In addition, a significant difference between these two hyperthermophilic dehydrogenases is cofactor specificity; the P. furiosus enzyme displayed a preference Most data from reference 9; the value for Trp was determined by using UV spectroscopy (12) .
for NADP, particularly at low temperatures (below 80°C), but in contrast to T. litoralis, it readily reduced NAD.
T litoralis ADH was much less stable than T litoralis GDH, but it appears to be the most thermostable ADH that has been described so far. For example, ADH from Thermoanaerobium brockii had a half-life at 98°C of only about 1 to 2 min (22), compared with a value of 15 min for the T litoralis enzyme. Similarly, the ADH from the aerobic archaeon Sulfolobus solfataricus was reported to have a half-life at 70°C of 5 h (33), whereas T. litoralis ADH had a half-life of about 2 h at 85°C. In any event, the Sulfolobus solfataricus and T. litoralis ADHs are very different. In contrast to the metal-free, tetrameric, NADP-specific enzyme from T. litoralis, Sulfolobus solfataricus ADH is a dimeric Zn-containing protein that is specific for the (33) . ADHs have been purified and characterized from three other archaea, all of which are methanogens. These are the cofactor F420-specific enzymes from Methanogenium thermophilum (44) and Methanogenium liminatans (6) and the NADP-dependent enzyme from Methanobacterium palustre (6) . In contrast to the T. litoralis ADH, the methanogenic ADHs oxidize a range of secondary alcohols, cyclic alcohols, and ketones, although the Methanogenium thermophilum enzyme also uses primary alcohols as substrates. Like the T. litoralis enzyme, Methanobacterium palustre ADH is a homotetramer (Mr, 175,000), but in contrast to the hyperthermophilic ADH, it contains zinc (6). ADHs have also been purified from a variety of bacteria and eucarya (7) . However, these enzymes are quite heterogeneous and can be classified in at least three different ways. For example, three distinct groups can be discerned on the basis of the type of metal, if any, that they contain. The majority of ADHs contain a zinc ion, although some have been found to contain iron. A third group, which now includes T litoralis ADH, appear to lack metal ions (19) . The most well-studied representatives of each group are the Zn-containing ADH from yeasts (24), Fe-containing ADH2 from Zymomonas mobilis (28) , and the metal-free ADH from Drosophila sp. (42) . The metal ions found in ADHs function at the active site and/or play a role in structural stability (24) . On the other hand, the metal-free ADHs have a specific tyrosine residue at the catalytic site rather than a metal ion (2) .
In addition to metal content, ADHs can be classified into two groups on the basis of amino acid sequence homology (10) . For example, Drosophila ADH has a very different primary structure (39, 42) than the mammalian, yeast (18) , and bacterial enzymes (15) , which are clearly related to each other. However, as a further complication in ADH classification, three groups of ADHs have been recognized on the basis of subunit size. These groups are (i) the short-chain ADHs, represented by Drosophila ADH (32, 43) , which are composed of about 250 amino acids and do not contain any metals; (ii) medium-chain ADHs, represented by the yeast enzyme (24) , which contain about 350 amino acid residues and usually contain zinc; and (iii) long-chain ADHs, represented by Acetobacter aceti ADH (14) , which contain more than 700 amino acid residues. The lack of a metal ion in T. litoralis ADH suggests that it may be most similar to the group of short-chain ADHs represented by the Drosophila enzyme (18) . However, the subunit size of the T. litoralis ADH (approximately 460 residues) (Table 3) is between the subunit sizes of the mediumand long-chain ADHs (13, 24) , so it is possible that the T. litoralis enzyme represents yet other type of ADH, assuming of course that alcohol oxidation is indeed its cellular function. 
